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A body-centered tetragonal carbon �bct-carbon� allotrope has been predicted to be a transparent carbon
polymorph obtained under pressure. The structural transition pathways from graphite to diamond, M-carbon,
and bct-carbon are simulated and the lowest activation barrier is found for the graphite-bct transition. Further-
more, bct-carbon has a higher shear strength than diamond due to its perpendicular graphenelike structure. Our
results provide a possible explanation for the formation of a transparent carbon allotrope via the cold com-
pression of graphite. We also verify that this allotrope is hard enough to crack diamond.
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I. INTRODUCTION

Carbon exists in a large number of forms thanks to its
ability to form sp-, sp2-, and sp3-hybridized bonds, creating
graphite, hexagonal diamond �lonsdaleite�, diamond, nano-
tubes, fullerenes, and amorphous carbon.1–7 The cubic dia-
mond phase of carbon remains the hardest known solid at
room temperature. Because of the extensive applications of
diamond, intense theoretical and experimental efforts have
been devoted to searching for materials that have comparable
or even higher hardness and thermal stability.8,9 For instance,
some polycrystalline samples transformed from graphite un-
der high pressure and temperature have been reported, the
products of which feature equal or higher hardness than
single-crystal diamonds.9

Recent cold compression experiments have indicated that
possible carbon polymorphs exhibit exceptionally high in-
dentation strength, sufficient to indent diamond anvils.4,5

Some samples were proven to be quenchable at room
temperature4 while others were not.5 Graphite, in particular,
is an ultrasoft material under ambient conditions due to its
weak van der Waals interactions among the interlayers. How-
ever, under cold compression, it shows substantial shear
strength enhancement.5

This unexpected enhancement in indentation strength
raises many fundamental problems regarding the exact crys-
tal structures during phase transition and the nature of their
characteristics. Hexagonal diamond, an intermediate or
modified hexagonal phase between graphite and diamond, or
an amorphous phase, were originally considered.1,2,10 Most
recently, Li et al.,11 using the ab initio evolutionary algo-
rithm, found that a mixture of graphite and M-carbon could
better explain the x-ray diffraction �XRD� patterns and near
K-edge spectra obtained.

II. METHOD

In this work, an ab initio pseudopotential density-
functional method code within the local-density approxima-
tion �LDA� as implemented in the CASTEP is employed to
carry out first-principles calculations.12 Norm-conserving

pseudopotentials are used in conjunction with plane-wave
basis sets of cut-off energy of 660 eV and a Monkhorst-Pack
�MP� Brillouin-zone �BZ� sampling grid spacing of
0.04 Å−1. The electron-electron exchange interaction is de-
scribed by the exchange-correlation function of Ceperley and
Alder, as parametrized by Perdew and Zunger.13 During the
geometry optimization, neither symmetry nor restrictions are
constrained for either the unit-cell shape or the atomic posi-
tions with respect to the Broyden-Fletcher-Goldfarb-Shanno
minimization scheme. The structural relaxation is stopped
when the total energy, the maximum ionic displacement, the
maximum stress, and the maximum ionic Hellmann-
Feynman force are less than 5�10−6 eV /atom, 5�10−4 Å,
0.02 GPa, and 0.01 eV /Å, respectively. To obtain more ac-
curate band gaps, the hybrid functional �according to Becke’s
exchange functional�, combined with the Lee-Yang-Parr cor-
relation are used.14,15

We developed a variable cell nudged elastic band �VC-
NEB, compared with the traditional fixed cell NEB�
method,16 for extending to a constant pressure condition
combining with the variable cell approach.17 The VC-NEB
method, which includes the unit-cell deformation, provides a
broad way to find minimum energy path and investigates the
activation pathways between the two given phases for a
phase transition process within a larger configuration space.
For all the VC-NEB calculations in this work, we take many
intermediate images besides the two end-point phases and
choose the force and energy convergences to be the levels of
0.01 eV /Å and 0.001 eV, respectively. The variation in the
spring constant is restricted within the range of
0.2–1.5 eV /Å2. All the calculations were implemented un-
der the density-functional theory framework using the
ESPRESSO code.18 To confirm the reliability of our method,
we investigated many samples extensively. However, here
we showed the energy barriers of zinc oxide �ZnO� under
pressure and compared them with those of previous pub-
lished results. As is well known, there are two most likely
paths �hexagonal or tetragonal path� for the phase transition
from wurtzite to rocksalt structure.19–22 We used the general-
ized gradient approximation for the exchange-correlation
functional, ultrasoft pseudopotential, and based on conver-
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gence tests adopted a kinetic-energy cutoff of 75 Ry and a
8�8�6 MP mesh for Brillouin-zone integration. The en-
ergy barrier for the tetragonal path of ZnO is 0.134 eV/
formula, compared with 0.132 eV/formula for the hexagonal
path which is in good agreement with previous results
��0.15 eV / formula�.23 Such minor difference for the energy
barrier between the two different paths �0.002 eV/formula�
implies the coexistence of the two independent paths in the
phase transition at the same time, which is also consistent
with the results found by molecular-dynamics calculation.24

For the high-pressure phase of carbon, the energy landscapes
will be much complicated than that of ZnO. For example, the
transformation of graphite to new �unknown up to date� su-
perhard phase at cold compression is not very clear at
present. M-carbon and bct-carbon are predicted to be the
most likely candidates at present. However, cubic or hexago-
nal diamond will be much stable in energy than those of
M-carbon or bct-carbon under the same pressure. It increases
the difficulty greatly to find the energy barrier exactly be-
cause the variable cell method often tries its best to find the
transition path which includes the most stable configurations.
To get the energy barrier of bct-carbon and M-carbon under
pressure, we used LDA for the exchange-correlation func-
tional, norm-conserving pseudopotential, an 80 Ry plane-
wave cut-off energy, and a 6�6�6 MP mesh for the k-point
sampling of BZ. At first, the energy barrier from graphite to
diamond under pressure of 20 GPa is 0.15 eV/atom, which
agrees satisfactorily with the published results.25 It should
note that the energy barrier will be changed with external
pressure and it is indeed a very time-consuming work. We
simulated the transition paths of bct-carbon and M-carbon
from different configurations and at least got almost the same
energy barriers from the two independent transition path-
ways.

The tensile and shear stress are computed as follows: the
desired target-stress component is set to a certain value while
other components are kept zero. The lattice vectors and
atomic positions are then relaxed simultaneously to obtain
the final structures. We increase the desired target-stress
component step by step and repeat the above procedure until
the structure collapses, in which case the maximum stress is
considered to be the ideal strength.26–29

III. RESULTS AND DISCUSSION

Routine first-principles calculations are performed to
clarify the high-pressure phases of carbon. The structure
search involves relaxing a set of randomly chosen structures
or modifying ones constructed from various orientations of
prototype crystals, until the energy arrives at its minimum at
ground state or a given pressure.30–33 This results in a carbon
phase with body-centered tetragonal I4 /mmm symmetry, as
shown in Figs. 1�a� and 1�b�, designated as bct-carbon. This
structure appears to be similar to that found in previous
studies.34,35 Its lattice parameters were a=b=4.322 Å and
c=2.478 Å, respectively. There is a nonidentical C atom oc-
cupying the 8h �0.18,0.18,0� site. By comparing simulated
XRD patterns obtained from this product to those of
M-carbon and experimental data, bct-carbon is confirmed to

be a viable candidate for transparent and superhard graphite
under cold compression.36,37 Table I lists some parameters
for bct-carbon, M-carbon, and diamond at ambient pressure.
Two different kinds of C-C bonds exist in bct-carbon with
bond lengths of 1.559 and 1.503 Å at equilibrium. The av-
erage bond length is 1.531 Å, which is comparable with
1.533 Å for M-carbon �there are eight kinds of C-C bonds,
Table I lists the minimum and maximum values only� and

TABLE I. Structural parameters, coordination, bond length, vol-
ume, and band gap for bct-carbon and M-carbon �only the maxi-
mum and minimum value are listed for M-carbon� compared with
those of diamond at zero pressure.

Polymorph Coordination
Bond length

�Å�
Volume

�Å3 /atom�
Band gap

�eV�

bct-carbon 4 1.503 �1.506a� 5.787 �5.82a� 5.14 �3.78a�
1.559 �1.562a�

M-carbon 4 1.484 �1.489b� 5.739 �5.78b� 5.16 �3.6b�
1.604 �1.607b�

Diamond 4 1.545 5.478 5.85

Expt. 1.54a Expt. 5.67a Expt. 5.5c

aReference 36.
bReference 11.
cReference 38.

(a)

(b)

FIG. 1. �Color online� Structures of 2�2�2 supercell of bct-
carbon. �a� along �100�/�001� direction and �b� along �010� direction
where the dotted-dashed lines indicate the perpendicular graphene-
like structure of bct-carbon.
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1.545 Å for diamond. The results imply that bct-carbon and
M-carbon should have bond strengths similar to that of
diamond.39,40

To reveal the formation mechanism of the transparent car-
bon allotrope, a VC-NEB method is developed to obtain the
energy barrier and transition paths for bct-carbon, M-carbon,
and diamond. The present results show the bidirectional en-
ergy barriers to be 0.13 eV/atom from graphite to bct-carbon
and 0.15 eV/atom from bct-carbon to graphite, as shown in
Fig. 2, which are lower than 0.15 eV/atom from graphite to
diamond and 0.43 eV/atom for the reverse process. Such a
minor difference of 0.02 eV/atom between the forward en-
ergy barrier and the backward one for bct-carbon, compared

with 0.28 eV/atom for diamond, means that bct-carbon will
be “easy-come-easy-go” under pressure, that is to say, bct-
carbon will be easier to be formed from graphite, compared
with diamond from graphite, but may not be quenchable at
room temperature. This is also consistent with experimental
observations.1,5 The transition path of bct-carbon is carefully
verified. The results indicate that the hexagonal graphite first
transforms to rhombohedral graphite under a pressure of 20
GPa.

The pressure-induced bonding instability in the rhombo-
hedral graphite leads to significant bond-length fluctuations
for the intralayer of graphite �see Fig. 3�, which dominates
the energy barrier of the phase transition. These fluctuating
graphenelike structures are further compressed, ultimately
forming a “4+8” structure, shown in Fig. 1�b�. Therefore,
the special crystallography of bct-carbon also provides direct
theoretical evidence of Mao’s prediction �see Fig. 2 in Ref.
5�, where, under compression, bridging carbon atoms pair
with other atoms in the adjacent layers to form the � bonds.
The residual �� components in the near K-edge spectrum
arise from the incomplete conversion of graphite.11

For M-carbon, the forward and backward energy barriers
are 0.28 eV/atom and 0.35 eV/atom, respectively. The results
show that the bidirectional energy barriers of M-carbon are
higher than those of bct-carbon while the backward energy
barrier is lower than that of diamond. By carefully checking
the detailed transition pathway, M-carbon exhibits a similar
compression behavior to bct-carbon �as shown in Fig. 3�.
The distinct difference in the transition path is attributed to
the fluctuating behavior �up and down� and degree �large or
small� of the graphene layers. The relatively large fluctuation
of graphene layers in M-carbon with respect to bct-carbon is
one of the dominant reasons for the large enhancement in
energy barrier, that is to say, M-carbon seems to be undulated
larger than that of bct-carbon during phase transition. These
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FIG. 2. �Color online� Energy barrier curves of bct-carbon �blue
squares�, M-carbon �green triangles�, and diamond �red circles� at
pressure of 20 GPa. The inset shows the fluctuant graphene layers at
the intermediate image 4 of the transition path, which is responsible
for the activation energy barrier of bct-carbon.

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 3. �Color online� Transition paths of bct-carbon and M-carbon under pressure of 20 GPa. The side view of structures at different
intermediate images shows the pathways from graphite to bct-carbon and M-carbon. �a�–�d� show the transition path from image 4 to image
7 for bct-carbon and �e�–�h� show the corresponding images for M-carbon for comparison. The detailed transition paths of bct-carbon and
M-carbon can also be found in Ref. 37.
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fluctuating graphenelike structures are further rolled, ulti-
mately forming a “5+7” structure instead of a 4+8 structure
for bct-carbon.11,41 We should also note that our present re-
sults are based on the theoretical prediction within the NEB
method. Transition barriers are sensitive to the computational
method and the general methodological question on which
method is best is not yet settled. Using other methods, such
as molecular-dynamics or transition path sampling, one
might obtain different results for the energy barrier between
bct-carbon and M-carbon. While it is too early to make a
definitive conclusion that bct-carbon will be superior than
M-carbon as the best candidate for the cold-compressed
graphite, we can confidently say that in both cases the tran-
sition must involve puckering of the graphene sheets with the
formation of covalent bonds between the layers. Further
studies of the transition barrier with other methods are highly
desirable for complete understanding of the high-pressure
behavior of carbon. Our results are the important step in this
direction and show that bct-carbon is kinetically easier to
form than other carbon allotropes within the NEB method.
Since bct-carbon is still not unambiguously identified from
experiment, one should be very careful to compare our re-
sults directly with experimental values.

We now focus on the superior indentation strength of
graphite under cold compression. By careful choosing the
applied deformation, nine elastic constants can be deter-
mined. Combined with Voigt-Reuss-Hill approximation,42

the calculated bulk and shear moduli of 447 and 540 GPa for
diamond are in good agreement with the respective experi-
mental values of 442 and 544 GPa.43 Using the same
method, the bulk and shear moduli of bct-carbon are calcu-
lated to be 414 GPa and 427 GPa, respectively, both of
which are lower than those of diamond. Therefore, bct-
carbon is not harder than diamond but is similar to M-carbon
�415 and 468 GPa�.

The bulk and shear moduli are not necessary to give ac-
curate accounts of the strength of a material. This is because
these elastic constants are evaluated at the equilibrium state,
whereas material deformations associated with cold com-
pression measurements usually involve large strains where
bonding characteristics may substantially change.28 Thus, the
ideal strength calculation may be a good alternative method
for estimating the indentation strength. Diamond is first
tested, as shown in Fig. 4. The calculated tensile and shear
strengths along the weakest direction are 91.1 and 92.5 GPa
at strains of 0.13 and 0.27, respectively, which are consistent
with results reported in literature.26–29 These results are then
compared with those obtained for bct-carbon. In the cases of
tensile load along the �100�, �010�, �001�, �110�, and �111�
directions, the corresponding tensile stresses are found to be
84.8 GPa, 84.8 GPa, 139.7 GPa, 131.1 GPa, and 107.5 GPa,
respectively. Clearly, in both �100� and �010� directions, the
tensile stresses are equal because the two directions are iden-
tical, as shown in Fig. 1�b�. Consequently, the ideal tensile
strength of bct-carbon is 84.8 GPa, which is lower than the
value 91.1 GPa found for diamond.

Since the shear strength is closely related to the indenta-
tion strength, the shearing case is explored and verified. The
shear strengths in the �001� �100�, �001� �010�, �010� �001�,
�010� �001̄�, and �010� �100� systems are found to be 108.6

GPa, 108.6 GPa, 108.6 GPa, 108.6 GPa, and 119.7 GPa,
respectively. Evidently, the shear strengths in the first four
directions are weakest and identical, implying that the weak-
est slip systems are in these directions. Therefore, the ideal
shear strength of bct-carbon should be 108.6 GPa, which is
larger than the shear strength of diamond �92.5 GPa� by at
least 17%. The inset in Fig. 4 shows a snapshot of bct-carbon
at a shear stress of 108.6 GPa. The weakest C-C bond
�1.669 Å� will not break at a relatively large strain of 0.29,
which denotes substantial endurance beyond the linear elas-
tic regime. Thus, the exceptional shear strength may be un-
derstood by the conception of crystallographic strength,44

because bct-carbon has a perpendicular graphenelike struc-
ture, as shown in Fig. 1�a�. Graphene is the hardest material
with the strongest intrinsic bond strength.45 Therefore, a per-
pendicular graphenelike configuration is expected to be able
to withstand larger critical stresses from different directions
and retard the occurrence of weak slip systems, as well as
any instability toward graphite under cold compression.

IV. CONCLUSION

In summary, we have demonstrated the existence of a
pressure-induced bct-carbon phase with body-centered te-
tragonal I4 /mmm symmetry. This possible phase may be ob-
tained from graphite under cold compression. The calculated
transition pressure and simulated XRD pattern are in good
agreement with the results from experimental
observations.36,37 The transparent carbon allotrope, bct-
carbon, has a broad band gap similar to that of diamond.37

Although the most likely transition path for this allotrope has
a lower activation barrier compared with those of M-carbon
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FIG. 4. �Color online� The calculated stress-strain relations of
bct-carbon compared with that of diamond. The filled �hollow� blue
square and red circle are used to depict the tensile and shear stress
of bct-carbon and diamond, respectively. The arrows indicate the
ideal strength �including tensile and shear strength�. The inset
shows the electron density of bct-carbon in the �010� plane �units
Å−3� at largest strain, in which the white dotted lines imply that a
graphene layer will be reformed in this range as the shear stress or
strain increases.

ZHOU et al. PHYSICAL REVIEW B 82, 134126 �2010�

134126-4



and diamond within NEB calculations, we deem it most
likely that coexistence of bct-carbon and M-carbon may oc-
cur in the cold-compressed graphite under pressure.36 It
should also be emphasized that the perpendicular graphene-
like structure of bct-carbon is responsible for its exceptional
shear strength, which is large enough to crack diamond.
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